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One Sentence Summary: Lewis acidic molten salts etching is an effective and 
promising route for producing MXenes with superior electrochemical performance in 
non-aqueous electrolyte. 
 
Abstract: Two-dimensional carbides and nitrides of transition metals, known as 
MXenes, are a fast-growing family of 2D materials that draw attention as energy 
storage materials. So far, MXenes are mainly prepared from Al-containing MAX 
phases (where A = Al) by Al dissolution in F-containing solution, but most other MAX 
phases have not been explored. Here, a redox-controlled A-site-etching of MAX phases 
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in Lewis acidic melts is proposed and validated by the synthesis of various MXenes 
from unconventional MAX phase precursors with A elements Si, Zn, and Ga. A 
negative electrode of Ti3C2 MXene material obtained through this molten salt synthesis 
method delivers a Li+ storage capacity up to 738 C g-1 (205 mAh g-1) with high-rate 
performance and pseudocapacitive-like electrochemical signature in 1M LiPF6 
carbonate-based electrolyte. MXene prepared from this molten salt synthesis route offer 
opportunities as high-rate negative electrode material for electrochemical energy 
storage applications. 
 
Main Text: Two-dimensional (2D) transition metal carbides or carbonitrides 
(MXenes) are one of the latest additions to the family of 2D-materials. MXenes are 
prepared by selective etching of the A layer elements in MAX phase precursors, where 
M represents an early transition metal element (Ti, V, Nb, etc.), A is an element mainly 
from the group 13-16 (Al, Si, etc.) and X is carbon and/or nitrogen (1). Their general 
formula can be written as Mn+1XnTx (n=1-3), where Tx stands for the surface 
terminations, generally considered to be -F, -O, and -OH. Thanks to their unique 2D 
layered structure, hydrophilic surfaces and metallic conductivity (>6000 S cm-1), 
MXenes show promise in a broad range of applications, especially in electrochemical 
energy storage (2, 3).  
Following the first report of Ti3C2 MXene synthesis in 2011, MXenes are mainly 
prepared by selective etching of the A-layer of in MAX phases by aqueous solutions 
containing fluoride ions such as aqueous hydrofluoric acid (HF) (1), mixtures of lithium 
fluoride and hydrochloric acid (LiF+HCl) (4) or ammonium bifluoride ((NH4)HF2) (5). 
To date, the high reactivity of Al with fluoride-based aqueous solutions has limited 
synthesized MXenes to preferentially Al-containing MAX phase precursors. Although 
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Alhabeb et al. reported the synthesis of Ti3C2 MXene through oxidant-assisted etching 
of Si from Ti3SiC2 MAX phase (5), the etching mechanism was still based on hazardous 
HF solution. Thus, MXene synthesis is challenged 1) to find nonhazardous synthesis 
routes for preparing MXene and 2) to enable a broader range of MAX-phase precursors.  
Recently, Huang and et al. reported that Ti3C2Cl2 MXene can be prepared by etching 
Ti3ZnC2 MAX phase in ZnCl2 Lewis acidic molten salt via a replacement reaction 
mechanism (6). In the present paper, we generalize this synthesis route to a wide 
chemical range of A-site elements featuring besides Zn also Al, Si, Ga from various 
MAX phase precursors. This is accomplished by selective etching in Lewis acid molten 
salts via a redox substitution reaction. With such processing we also show that, for 
instance, MXene could be obtained from MAX phases with A = Ga. The etching 
process is illustrated here using Ti3C2 prepared from Ti3SiC2 immersion in CuCl2 
molten salt. The obtained MXene exhibits enhanced electrochemical performance with 
high Li+ storage capacity combined with high-rate performance in non-aqueous 
electrolyte, which makes these materials promising electrode materials for high-rate 
battery and hybrid devices such as Li-ion capacitor applications (7, 8). This method 
allows producing new 2D materials that are difficult or even impossible to be prepared 
by using previously reported synthesis methods like HF etching. As a result, it expands 
further the range of MAX phase precursors that can be used and offer important 
opportunities for tuning the surface chemistry and the properties of MXenes.  
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Fig. 1. Schematic diagram of Ti3C2Tx MXene preparation by immersing Ti3SiC2 MAX 
phase in CuCl2 Lewis molten salt at 750°C. 
 
Fig. 1 shows a sketch of the Ti3C2 MXene synthesis from the reaction between 
Ti3SiC2 and CuCl2 at 750°C; the reactions are listed below:  
Ti3SiC2 + 2CuCl2 = Ti3C2 + SiCl4(g)+ 2Cu   (1) 
Ti3C2 + CuCl2 =Ti3C2Cl2 + Cu     (2) 
Ti3SiC2 MAX precursor is immersed at 750°C in molten CuCl2 (Tmelting=498
oC). The 
exposed Si atoms weakly bonded to Ti in the Ti3C2 sublayers are oxidized into Si
4+ 
cation by Lewis acid Cu2+, resulting in the formation of the volatile SiCl4 phase 
(Tboiling=57.6°C) and concomitant reduction of Cu
2+ into Cu metal (equation 1). Similar 
to what has been recently reported (6), extra Cu2+ partially reacts with the exposed Ti 
atoms from Ti3C2 to form metallic copper, while the charge compensation is ensured 
by Cl- anions to form Ti3C2Cl2 (equation 2). The formation mechanism of Ti3C2Cl2 
from Ti3SiC2 is analog to that of chemical etching of Ti3AlC2 in HF solution (1): Cu
2+ 
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and Cl- act as H+ and F-, respectively. The as-prepared powder of Ti3C2Cl2 and Cu 
metal, see Fig. S1, were further immersed in ammonium persulfate (APS) solution to 
remove Cu particles from the Ti3C2Cl2 MXene surface, which also results in the 
addition of O-based surface groups (Fig. S2). This final material prepared from this 
molten salt route will be noted as MS-Ti3C2Tx MXene, where Tx stands for O and Cl 
surface groups.  
 
Fig. 2. Morphological and structural characterizations of MS-Ti3C2Tx MXene. (A) 
XRD patterns of pristine Ti3SiC2 before (black line) and after (red line) reaction with 
CuCl2, and final MS-Ti3C2Tx MXene obtained after washing in 1 M (NH4)2S2O8 
solution (purple line). (B) SEM and (C) Cross-sectional STEM images showing the 
nanolaminate nature of the material (scale bar in the atomically resolved image inset in 
(C) is 1 nm), and (D) XPS spectra of the Ti 2p energy level from the MS-Ti3C2Tx 
MXene sample. 
X-ray diffraction (XRD) patterns of the pristine Ti3SiC2 before (black), and after 
reaction with CuCl2 at 750°C for 24h (noted as Ti3SiC2-CuCl2, red) and final product 
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after APS washing (MS-Ti3C2Tx, purple) are shown in Fig. 2A. Compared to pristine 
Ti3SiC2, most of the diffraction peaks disappear in the final product, leaving (00l) peaks 
as well as several broad and low-intensity peaks in the 2 range from 5° to 75°; these 
features indicate the successful reduction of Ti3SiC2 into layered Ti3C2 (MXene) (9). 
Additionally, the shift of Ti3C2 (00l) diffraction peaks from 10.13° to 7.94° two theta 
degree indicate an expansion of the interlayer distance from 8.8 Å to 10.9 Å. The sharp 
and intense peaks located at 2 ≈ 43.29°, 50.43°, and 74.13° can be indexed as metallic 
Cu (Fig. 2A, red plot), which confirms the proposed etching mechanism in Lewis acid 
melt (equation 1). The XRD pattern of the final product (Fig. 2A, purple plot) exhibits 
only the (00l) MXene peaks, confirming the removal of the Cu. SEM image of the final 
MS-Ti3C2Tx sample is shown in Fig. 2B. After etching in molten salt, the Ti3SiC2 
particle (Fig. S1A) turns into an accordion-like microstructure (Fig. S1B), similar to 
previously reported for MXenes obtained by HF etching (1). The spherical particles 
observed on the Ti3C2 before APS treatment (Fig. S1B) are assumed to be metallic Cu 
produced during the etching process from equations (1, 2) (Fig. S1C), which become 
removed by immersion in APS solution (Fig. S2).  
The lamellar microstructure of the MS-Ti3C2Tx MXene is clearly visible in STEM 
images, as shown in Fig. 2C. The SiCl4 gas molecules formed in situ during the etching 
reaction (equation 1) is believed to act as an effective expansive agent to delaminate 
the MXene, similar to the preparation of expanded graphite through the decomposition 
of intercalated inorganic acids (10).  
MS-Ti3C2Tx MXene sample surface was further characterized by XPS analysis. Fig. 
S3A shows an overview XPS spectrum for the Ti3SiC2 precursor (black) and MS-
Ti3C2Tx MXene (red), where the signals of Si 2p, C 1s, Ti 2p, and O 1s are observed at 
102, 285, 459, and 532 eV, respectively (11). The disappearance of the Si signal 
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confirms the effectiveness of Si removal by Lewis acid etching reaction (Fig. S3B). 
Similarly, no significant amounts of Cu or S element were detected (Fig. S4A and S4B). 
The deconvolution of the Ti 2p spectra (Fig. 2D) in the energy range between 454 and 
460 eV was achieved following previous works (6, 12) and the details are given in 
Table S1. The Ti 2p spectra show the existence of Ti-O and Ti-Cl chemical bonds, most 
likely from O and Cl surface groups associated with partial surface oxidation. The 
observed Ti-C bonds come from the core [TiC6] octahedral building blocks of the Ti3C2 
MXene. The fitting of the O 1s (Fig. S4C) and C 1s (Fig. S4D) spectra show O-
terminated surface functional groups on MS-Ti3C2Tx sample, including the possible 
hydroxides. The XPS signal of the Cl 2p energy level confirms the presence of Ti-Cl 
bonds (Fig. S4E). The Cl groups are expected from equation (2), while O surface 
functional groups are formed during the oxidation treatment in APS solution and 
subsequent washing process (13). EDS analysis (Table S2) revealed an O-termination-
group content of about 20 at.% together with 16.5 at.% of Cl-termination-group content 
in the MS-Ti3C2Tx MXene, resulting in an approximate composition of 
Ti3C1.3Cl1.15O1.39.  
Temperature-programed desorption, coupled with mass spectroscopy measurements 
(TPD-MS) have been achieved on MS-Ti3C2Tx MXene samples and MXene prepared 
from conventional etching treatment in HF, noted as HF-Ti3C2Tx (Fig. S5 and Table 
S3). H2O release observed below 400°C for both samples corresponding to surface 
adsorbed and intercalated water coming from the washing with water after synthesis 
(14). Differently from HF-Ti3C2Tx, MS-Ti3C2Tx, MXene shows substantial CO2 release 
below 600°C, which could be ascribed to the partial carbon oxidation from APS 
oxidizing treatment. Also noteworthy is the absence of any -OH surface groups release 
for MS-Ti3C2Tx MXene, decreasing the hydrophilicity of the surface. Cl group is stable 
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on Ti3C2 at 750°C (15), but a trace of released Cl is still detected as well as SO2 below 
600°C, the latter coming from APS treatment. Also interesting is the quantification of 
the total amount of oxygen from CO and CO2 gases (8.2 wt.%, see Table S3), which is 
close to 9.5 wt.% estimated from EDS analysis. 
 
Fig. 3. Generalization of the Lewis acid etching route to a large family of MAX phase. 
(A) Gibbs Free Energy mapping (700°C) guiding the selection of Lewis acid chloride 
salts according to electrochemical redox potentials of A site elements in MAX phases 
(X axis) and molten salt cations (Y axis) in chloride melts. Stars mark corresponding 
MXenes that are demonstrated in the current study. SEM images reveal the typical 
accordion morphology of MXenes from different MAX phases etched by varied Lewis 
acid chlorides, such as Ti2AlC by CuCl2 (B), Ti3ZnC2 by CuCl2 (C), Ti3AlCN by CuCl2 
(D), Ti3AlC2 by NiCl2 (E), Ti3ZnC2 by FeCl2 (F), and Ta2AlC by AgCl (G). Scale bars 
are 2 μm.  
 
The capability of Lewis acid to withdraw electrons from A element in the MAX 
phase can be well reflected from their respective electrochemical redox potential in 
halide melts. For instance, Si4+/Si couple has a redox potential as low as -1.38 V vs. 
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Cl2/Cl
- at 750°C. As a result, CuCl2 molten salt (redox potential of -0.43 V vs. Cl2/Cl
-) 
can easily oxidize Si into Si4+ (etching/exfoliation of MAX phase into MXene). The 
present Lewis acid etching process can be then generalized to prepare a broad family 
of MXene materials. Fig. 3A shows a Gibbs Free Energy mapping prepared from 
thermodynamics data (see equation 3 and Fig. S6) to guide the selection of effective 
Lewis acids for MAX phases having different A elements (Fig. 3A). In these 
calculations, the etching is independent to the composition of MX layer and n value of 
Mn+1AXn. The color of each spot/star indicates the value of Gibbs free energy of the 
reaction between selected A element in MAX phase and Lewis acid chloride melt at 
700°C (Equation 3). 
A + y/x BClx = ACly + y/x B    (3) 
From these thermodynamic calculations, etching of A element from MAX can be 
achieved by using a Lewis acid with higher redox potential. Based on this map, a series 
of MAX phases - specifically Ti2AlC, Ti3AlC2, Ti3AlCN, Nb2AlC, Ta2AlC, Ti2ZnC, 
and Ti3ZnC2 - was successfully exfoliated into corresponding MXenes (Ti3C2Tx, 
Ti3CNTx, Nb2CTx, Ta2CTx, Ti2CTx, Ti3C2Tx) using various chlorides molten salts 
(CdCl2, FeCl2, CoCl2, CuCl2, AgCl, NiCl2), as marked in star shape (Fig. 3A). SEM 
images in Fig. 3B-3G show the lamellar microstructures of obtained MXenes. The 
successful preparation of Ta2CTx and Ti3C2Tx MXenes from Ta2AlC and Ti3SiC2, 
which were theoretically predicted hard to be exfoliated, evidences the effectiveness of 
the Lewis acid molten salts route (16). Additional information about as-prepared 
MXenes can be found in Fig. S7-S14. Taking account of the diversity and green 
chemistry of Lewis acid in inorganic salts, there is unexplored parameter space to 
optimize such etching methodology. At the same time, it broadens the selection scope 
of MAX phase family for MXene fabrication and offers opportunities for tuning the 
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surface chemistry of MXene materials by using various molten salts based on other 
anions (such as Br-, I-, SO4
2-, and NO3
-). 
Layered MS-Ti3C2Tx MXene powders here derived from Ti3SiC2 (Fig. 2B) were 
further used to prepare electrodes by mixing with carbon conducting additive and 
binder (see the experimental section for details). Fig. 4A shows the cyclic voltammetry 
(CV) profiles of the MS-Ti3C2Tx MXene electrode in 1M LiPF6/EC:DMC electrolyte 
recorded at 0.5 mV s-1 with different negative cut-off potentials. The electrochemical 
signature is remarkable as it differs from what is previously reported for MXene made 
in non-aqueous electrolytes (17-20). Indeed, CV does not show redox peaks associated 
with Li-ion intercalation, such as reported in the literature (21, 22). Instead, the charge 
storage mechanism is achieved by a constant current versus applied potential, similarly 
to what is observed in a pseudocapacitive material, with an almost constant current 
during reduction and oxidation process in a potential range between 2.2 V vs. Li+/Li 
and 0.2 V vs. Li+/Li. The discharge capacity of the MS-Ti3C2Tx MXene powder in this 
non-aqueous Li-ion battery electrolyte reaches 738 C g-1 (205 mAh g-1) at 0.5 mV s-1 
within the full potential window of 2.8 V, which translates into 323 F g-1 within 2 V 
(see Fig. S15). These are the highest capacitance values reported for Ti3C2 MXene in 
non-aqueous electrolytes, to the best of our knowledge (3, 17, 23, 24). Those 
remarkable performances make MXene materials now suitable to be used as negative 
electrodes in non-aqueous energy storage devices. Also important, and differently from 
previous works where electrodes had to be prepared from filtration of delaminated 
MXene suspensions to achieve high electrochemical performance (25), raw, non-
delaminated MXene powders (Fig. 2B) were used here to prepare the electrode films. 
This broadens the range of application of the materials to prepare electrodes for energy-
storage devices. 
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Fig. 4. Electrochemical characterizations of MS-Ti3C2Tx MXene electrode in 1M LiPF6 
in EC:DMC (1:1) electrolyte. (A) Cyclic voltammetry profiles (CVs) at a 0.5 mV s-1 
potential scan rate with various cut-off negative potentials; CVs exhibits a mirror-like 
shape with no redox peak during Li intercalation/deintercalation redox reaction; (B) In 
situ XRD maps of the (002) peak during anodic and cathodic scans for 3 different 
cycles; the peak position shift is less than 0.25Å during cycling; (C) Change of the 
MXene electrode capacity versus the discharge time during CVs recorded at various 
potential scan rates from anodic scans. The active material weight loading is 1.4 mg 
cm-2; (D) Galvanostatic charge/discharge curves at current densities from 0.5 to 3 A g-
1. 
 
The charge storage mechanism was investigated using in situ X-ray diffraction 
technique during cyclic voltammetry experiments at 0.5 mV s-1. Fig. 4B shows the 
change of the (002) peak position during anodic and cathodic scans for three different 
cycles. The initial d-spacing was found to be 11.02 Å, and the peak position was found 
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to be roughly constant during the polarization with a maximum change of 0.25 Å. The 
small value of the d-spacing indicates that MXene layers are separated by about 3 Å: 
this supports the intercalation of de-solvated Li+ ions between the MXene layers, such 
as recently reported (17), blocking the co-intercalation of solvent molecules and 
resulting in improved electrochemical performance. During the cathodic scan (Fig. 4A), 
Li+ ions are intercalated between the MXene layers; this is assumed to be associated 
with the change in the oxidation state of Ti, such as observed in lithium-ion battery 
during Li+ intercalation (26, 27). Li+ de-insertion from the MXene structure occurs 
during the anodic potential scan, with a remarkable mirror-like CV shape. During the 
first cycle upon reduction, an irreversible capacity is observed (Fig. S16A), as a result 
of the formation of the solid electrolyte interphase layer (SEI) (28). As a result of these 
high power performance, the electrochemical impedance spectroscopy plots recorded 
at various bias potentials (Fig. S18A) show a charge-transfer resistance of about 25 
Ω·cm² followed by a restricted-diffusion behavior with a fast increased of the imaginary 
part at low frequency (29).  
Fig. 4C shows the change of the Ti3C2 MXene capacity with discharge time calculated 
from CVs achieved at various potential scan rates (Fig. S16B and Table S7). The 
capacity reaches 738 C g-1 (205 mAh g-1) for a discharge time of 1.5 h (C/1.5 rate). This 
value corresponds to a minimum of 1.28 F exchanged per mole of Ti3C2, which is about 
0.42 electron transferred per Ti atom, much higher than previously reported values (17, 
27). The electrode still delivers 142 mAh g-1 for 280 s discharge time (13 C rate) and 
75 mAh g-1 for a time less than 30 s (128 C rate). Together with the galvanostatic plots 
achieved at various current densities (Fig. S17A), these results highlight the high-power 
performance of the present Ti3C2 MXene material as electrode during Li
+ ion 
intercalation reaction, occurring at lower potential vs Li+/Li compared to previously 
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reported pseudocapacitive materials (30, 31). Interestingly, an increase of the electrode 
weight loading (4 mg cm-2) does not substantially affect the power capability (Fig. 
S16C and D). Galvanostatic charge/discharge measurements (Fig. 4D) confirm the 
unique electrochemical signature of the electrode in non-aqueous electrolyte with a 
slopping voltage profile within a potential range of 0.2-2.2 V vs. Li+/Li, as expected 
from the CVs shown in Fig. 4A. Last, but not least, cycle stability was impressive with 
90% capacity retention after 2,400 cycles (Fig. S17B). Similar remarkable 
electrochemical signature and performance were obtained for other MS-MXene studied 
here, such as can be seen more specifically from the CVs and power performance of a 
Ti3C2Tx electrode prepared from Ti3AlC2 MAX phase (see Fig. S19).  
The combination of mirror-like electrochemical signature in non-aqueous Li-ion 
containing electrolyte, together with high capacity, high-rate discharge and charge 
performance (less than one minute) and the low operating potential range (0.2–2.2 V 
vs. Li+/Li) makes this Ti3C2 MXene prepared from molten salt derivation route relevant 
as negative electrode in electrochemical energy storage devices (batteries and Li-ion 
capacitors). As a result, the general Lewis acidic etching route proposed here expands 
the range of MAX phase precursors that can be used to prepare new MXenes, and offer 
unprecedented opportunities for tailoring the surface chemistry and consequently the 
properties of MXene materials. 
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Materials and Methods 
Materials 
High-purity Ti3AlC2, Ti3ZnC2, Ti3SiC2, Ti3AlCN, Ti2AlC, Ti2ZnC, Nb2AlC and 
Ta2AlC MAX phases powders were synthesized as previously reported (1-6). Ti2GaC 
MAX phase was synthesized in our laboratory via molten salt method. Zinc chloride 
(anhydrous, ZnCl2, > 98 wt.% purity), cadmium chloride (anhydrous, CdCl2, > 98 wt.% 
purity), ferrous chloride (anhydrous, FeCl2, > 98 wt.% purity), cobalt chloride 
(anhydrous, CoCl2, > 98 wt.% purity), copper chloride (anhydrous, CuCl2, > 98 wt.% 
purity), nickel chloride (anhydrous, NiCl2, > 98 wt.% purity), and silver chloride 
(anhydrous, AgCl, > 98 wt.% purity), sodium chloride (anhydrous, NaCl, > 98 wt.% 
purity), potassium chloride (anhydrous, KCl, > 98 wt.% purity), ammonium persulfate 
((NH4)2S2O8, > 98 wt.% purity) and absolute ethanol (C2H6O, > 98 wt.%) were 
purchased from Aladdin Chemical Reagent, China.  
 
Preparation of MXenes from Lewis acid molten salt route 
Various MAX phases and Lewis acid salts were used to prepare MXenes, as 
summarized in Table S6. We here take Ti3SiC2 MAX phase and CuCl2 as an example: 
1 g of Ti3SiC2 MAX phase powders and 2.1 g of CuCl2 powders were mixed (with a 
stoichiometric molar ratio of 1:3) and grinded for 10 minutes. Then 0.6 g of NaCl and 
0.76 g of KCl were added into the above mixtures and grinded for another 10 minutes. 
Afterward, the mixture was placed into an alumina boat, and the boat was then put into 
an alumina tube with argon-flow. The powder mixture was heated to 750°C with a 
heating ramp of 4°C min-1, and hold for 24 h. Afterward, the obtained products were 
washed with deionized water (DI H2O) to remove salts, and MXene/Cu mixed particles 
were obtained. The mixtures of MXene/Cu were then washed by 1 M (NH4)2S2O8 
solution (APS) to remove the residual Cu particles (7). The resulting solution was 
further cleaned by deionized water (DI H2O) and alcohol for five times and filtered with 
a microfiltration membrane (polyvinylidene fluoride, 0.45 μm). Finally, the MXene 
powders (denoted as MS-Ti3C2Tx) were dried under vacuum at room temperature for 
24 h.  
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Materials characterizations  
The phase composition of the samples was analyzed by X-ray diffraction (D8 Advance, 
Bruker AXS, Germany) with Cu K radiation. X-ray diffraction patterns were collected 
with a step of 0.02° 2θ with a collection time of 1 s per step. The microstructures and 
chemical compositions were analyzed by scanning electron microscopy (SEM, 
QUANTA 250 FEG, FEI, USA) at 20 kV, with an energy-dispersive spectrometer 
(EDS); EDS values were fitted by XPP. The chemical composition and bonding states 
were measured by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS 
ULTRA DLD instrument with a monochromic Al K X-ray source (hv = 1486.6 eV). 
The power was 96 W, and the X-ray spot size set to 700 x 300 um. The pass energy of 
the XPS analyzer was set at 20 eV. The pressure of the analysis chamber was kept 
below 5 x 10-9 Torr. All spectra were calibrated using the binding energy (BE) of C 1s 
(284.8eV) as a reference. The XPS atomic sensitivity factors involved in the atomic 
concentration calculation were 0.278 (C 1s), 1.833 (Ca 2p), 2.001 (Ti 2p) and 0.78 (O 
1s), respectively, according to Kratos Vision Processing software. Etch conditions were 
defined by a beam energy of 4 kV, a current of 100 μA, and a raster size of 3 mm). 
Transmission electron microscopy and high-resolution TEM images were obtained 
using a Tecnai F20 (FEI, USA) electron microscope at an acceleration voltage of 200 
kV. Structural and chemical analysis was carried out by high-resolution STEM high 
angle annular dark field (HRSTEM-HAADF) imaging and STEM affiliated energy 
dispersive X-ray spectroscopy (EDS) within Linköping’s double Cs corrected FEI 
Titan3 60-300 microscope operated at 300 kV, and STEM-EDX was recorded with the 
embedded high sensitivity Super-X EDX detector. Temperature-programmed 
desorption (TPD) was performed under inert atmosphere (Ar, 100ml min-1). The sample 
(10-20 mg) was placed in a thermo-balance and heat treated up to 1300oC at a rate of 
10oC min-1. The decomposition products (gas evolved) were monitored by on-line mass 
spectrometry (Skimmer, Netzsch, Germany). Cl and S quantification could not be 
achieved due to the absence of standards. 
 
Electrochemical measurements 
MS-Ti3C2Tx MXene self-standing electrodes were prepared by mixing the MXene 
powder with 15 wt.% carbon black and 5 wt.% PTFE binder, and laminated many times 
to obtain films with different thickness. The active material weight loading was 
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calculated by dividing the mass (mg) of MXene active material by the electrode area 
(cm2). Metallic lithium foil was used as the counter and reference electrode, LP30 (1 M 
LiPF6 in ethylene carbonate/dimethyl carbonate with 1:1 volume ratio) as the 
electrolyte and 2 slides of 25-μm thick cellulose as the separator. Swagelok cells were 
assembled in the Ar-filled glovebox with oxygen and water content less than 0.1 ppm. 
All electrochemical tests were performed using a VMP3 potentiostat (Biologic). Cyclic 
voltammetry and galvanostatic test were conducted in 2-electrode mode versus Li 
electrode. Electrochemical impedance spectroscopy (EIS) was carried out with a 
potential amplitude of 10 mV in the range from 10 mHz to 200 kHz. 
In situ XRD was conducted on a Bruker D8 Advance diffractometer using Cu Kα 
radiation source. Two-electrode Swagelok cell system (8), using MS-Ti3C2Tx MXene 
film as the working electrode, beryllium window as the current collector, and Li metal 
as the counter electrode, was used to perform the electrochemical test for the in-situ 
XRD measurements. All XRD patterns were recorded during cyclic voltammetry test 
at a potential scan rate of 0.5 mV s-1. The (002) peak located between 6° to 10° was 
recorded to calculate the interlayer d-spacing (Fig. 4B). 
In cyclic voltammetry, the capacity (C g-1) and average capacitance (F g-1) of a single 
electrode are evaluated from the anodic scan using 
Q =  
∫ 𝑖 dt
m
                                                                        (1) 
C =
Q
V
                                                                              (2) 
Where i is the current changed by time t, m is the mass of active material, V is the 
potential window. 
In galvanostatic charge/discharge plots, the capacity (C g-1) is given by: 
Q =
𝑖∆t
m
                                                                           (3) 
Where Δt is charging/discharging time. 
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Supplementary Text 
 
Fig. S1. (A) SEM images of Ti3SiC2 MAX phase precursor before (A) and after (B) 
reaction with CuCl2 at 750C. (C) EDS analysis of the MXene after reaction with CuCl2 
at 750C, before immersion in (NH4)S2O8 (APS) solution. The presence of Cu metal 
and Cl agrees with equation 1 and 2 presented in the manuscript. O element comes from 
washing treatment in water. The successful removal of Si from Ti3SiC2 MAX phase is 
evidenced by the significant weakening of the Si signal. 
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Fig. S2. SEM image of MS-Ti3C2Tx MXene after treatment by APS solution (0.1 mol/L) 
to remove Cu particles and (B) corresponding EDS point analysis (B). After treatment 
by APS solution at room temperature, MXene keeps its original layered structure. EDS 
result shows the presence of Ti, Cl, O, C element of the MXene. The successful removal 
of Cu after treatment by APS solution is evidenced by the presence of only a residual 
weak signal. (C) Element mapping of MS-Ti3C2Tx MXene treatment by APS solution. 
 
XPS analysis of Ti3SiC2 MAX phase and MS-Ti3C2Tx MXene 
XPS analysis of the Ti3SiC2 MAX phase precursor (black) and MS-Ti3C2Tx MXene 
(red) after reaction in CuCl2 at 750C and further immersion in APS solution are 
presented in Fig. S3. Fig. S3A shows an overview XPS spectrum for the Ti3SiC2 
precursor (black) and MS-Ti3C2Tx MXene (red) after APS treatment, respectively. For 
Ti3SiC2, the signals of Si 2p, C 1s, Ti 2p, and O 1s were found at 101.2, 282.9, 458.6, 
and 531.9 eV, respectively (9). The XPS of Si 2p in Ti3SiC2 (Fig. S3B, black) shows a 
peak at 101.8 eV assigned to SiO2, which indicates the existence of oxide layer on Si 
and a peak at 98.3 eV attributed to Ti-Si bonds (9). After etching by CuCl2 and further 
immersion in APS solution, only the signals of Ti 2p, O 1s, Cl 2p, and C 1s were 
detected. No Si signal could be detected on the final MS-Ti3C2Tx
 
MXene, which 
confirms the Si removal. 
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Moreover, no significant amounts of Cu and S element were detected (Fig. S4A and 
S4B). Fig. S4C shows the O 1s spectrum, where the peaks at 530.0 eV, 531.3 eV, and 
533.3 eV are assigned to the Ti-O, Ti-C-Ox, and H2O (10, 11), respectively. The C 1s 
signal in MS-Ti3C2Tx MXene (Fig. S4D) shows peaks at 281.2 eV, 284.5 eV, 286.2 eV, 
and 288.5 eV assigned to the Ti-C, C-C, C-O and C=O bond (10, 12), respectively. The 
peaks at 198.8 eV and 200.4 eV are associated with Cl-Ti (2p1/2) and Cl-Ti (2p3/2) bonds 
(3, 13), which indicated the presence of Ti-Cl bonds in MS-Ti3C2Tx MXene (Fig. S4E). 
The XPS signal of Ti 2p in MS-Ti3C2Tx MXene is shown in Fig. 2D. The peaks at 454.5 
eV and 460.5 eV are assigned to the Ti-C (I) (2p3/2) and Ti-C (I) (2p1/2) bond (9, 10). 
The peaks at 456.0 eV and 461.8 eV are assigned to the Ti-C (II) (2p3/2) and Ti-C (II) 
(2p1/2) bond (9, 10). The peaks at 458.2 eV and 464.0 eV attributed to high-valency Ti 
compound, are assigned to the Ti-Cl (2p3/2) and Ti-Cl (2p1/2) bonds, respectively (3, 13). 
The peaks at 459.7 eV and 464.9 eV are associated with the Ti-O (2p3/2) and Ti-O (2p1/2) 
(10, 11), respectively. The results are summarized in Table S1. 
 
Fig. S3. XPS analysis of the Ti3SiC2 MAX phase precursor (black) and MS-Ti3C2Tx 
MXene (red) after reaction in CuCl2 at 750C and further immersion in APS solution. 
(A) The global view of the XPS spectra. (B) Spectra of Si 2p energy level. No Si signal 
could be detected on the final MS-Ti3C2Tx
 
MXene product. 
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Fig. S4. XPS analysis of the MS-Ti3C2Tx MXene after reaction in CuCl2 at 750C and 
further immersion in APS solution. Spectra of Cu 2p (A), S 2p (B), O 1s (C), C 1s (D) 
and Cl 2p (E) energy level. No Cu or S signals could be detected on the final MS-
Ti3C2Tx MXene product. 
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Table S1. XPS analysis of MS-Ti3C2Tx MXene after APS treatment. 
Region BE(eV) FWHM(eV) Fraction Assigned 
to 
reference 
Ti 
2p3/2(2p1/2) 
454.5(460.5) 1.3(1.4) 35.5 Ti-C (9, 10) 
456.0(461.8) 2.3(2.3) 31.6 Ti-C (9, 10) 
458.2(464.0) 2.2(2.3) 20.4 Ti-Cl (3, 13) 
 459.7(464.9) 1.4(1.8) 12.5 Ti-O (10, 11) 
 
C 1s 
 
281.1 
 
0.8 
 
8.9 
 
Ti-C-Tx 
 
(10) 
 284.5 1.4 79.3 C-C (3) 
 286.2 1.2 6.3 C-O (10) 
 288.5 1.3 5.5 C=O (12) 
O 1s 
 
529.8 
531.0 
 
1.5 
1.6 
 
35.6 
58.4 
 
Ti-O 
Ti-C-Ox 
 
(10, 11) 
(10) 
 
Cl 
2p3/2(2p1/2) 
533.6 
 
198.8(200.4) 
1.2 
 
1.0(0.9) 
6.0 
 
100 
H2O 
 
Ti-Cl                 
  (10, 11) 
         
(3, 13)  
 
  
25 
 
EDS analysis of Ti3SiC2 MAX phase and MS-Ti3C2Tx MXene 
Table S2 shows the chemical compositions of Ti3SiC2, Ti3C2Cl2-Cu, and MS-Ti3C2Tx 
(after immersion in APS solution). EDS results revealed a Cl and O element content of 
about 16.49 at.% and 19.79 at.% in the final MS-Ti3C2Tx MXene, respectively. After 
APS treatment, the Cl content remains unchanged, and the Cu element content is 
reduced from 10.04 at.% to <0.9 at.%, while the S element content is 0.57 at.% obtained 
from the (NH4)2S2O8 solution treatment, respectively. The O content is increased to 
19.79 at.%, and this may be attributed to water adsorbed during the oxidation treatment 
in APS solution; importantly, this value is consistent with mass spectroscopy 
measurements (TPD-MS) results. 
 
Table S2. Average chemical composition (at.%) of Ti3SiC2, Ti3C2Cl2-Cu, and MS-
Ti3C2Tx MXene. 
EDS 
analysis 
Ti Si C O Cl Cu S 
Ti3SiC2 52.24 17.69 20.75 6.57    
Ti3C2-Cu 42.69 1.25 15.25 8.88 21.89 10.04  
MS-Ti3C2Tx 42.77 1.07 18.43 19.79 16.49 0.88 0.57 
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Temperature programmed desorption coupled with mass spectroscopy (TPD-MS) 
analysis of HF-Ti3C2Tx and MS-Ti3C2Tx MXenes 
 
Fig. S5 shows the TPD-MS analysis results of HF-Ti3C2Tx (Fig. S5A and C) and MS-
Ti3C2Tx MXenes (Fig. S5B and D). The previous study has shown that HF-Ti3C2Tx 
MXene decomposes beyond 800°C (Fig. S5C) (14). The decomposition of the surface 
groups present on the HF-Ti3C2Tx MXene surface occurs in the 25°C – 800°C 
temperature range. Different from HF-Ti3C2Tx, MS-Ti3C2Tx MXene does not show the 
presence of -OH surface groups (Fig. S5A and B). An important CO2 gas release 
observed for the MS-Ti3C2Tx MXene is assumed to originate from the oxidation by the 
APS of carbon from Ti3C2. The quantification of CO2, H2O and CO was achieved, and 
the total content in oxygen was found to be 8.2 wt.%, that is similar to that calculated 
from EDS analysis (9.5 wt.%). For the –Cl groups there are two different species, one 
small amount evolving together with hydrogen at temperatures around 800°C 
(corresponding to around 3 wt%) and others more thermally stable desorbing at higher 
temperatures with a maximum at around 1100°C. Beyond 800°C, where the MXene 
decomposes (Fig. S5C and D), the MS analysis shows the presence of other species 
including, TiO and SiO, as well as some decomposition products from APS (H2O, N2, 
NH3 and SO2 at a lower temperature). However, the quantification of these species was 
not possible because of the absence of standards. In the 25–600°C temperature range, 
the weight loss associated with the gas evolution of CO2, CO and H2O (Fig. S5B) 
accounts for about 15 wt%, showing that oxygenated groups and adsorbed/intercalated 
water, together with -Cl groups and -SO2 terminations are the main components of the 
MS-Ti3C2Tx MXene surface. 
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Fig. S5. TPD-MS measurements at temperature range up to 800C (A) and full 
temperature range (C) of Ti3C2Tx MXene samples (HF-Ti3C2Tx) prepared from 
conventional etching treatment in HF; at temperature range up to 600C (B) and full 
temperature range (D) for MS-Ti3C2Tx MXene samples. Species marked with asterisks 
in (D) were other gases for MS-Ti3C2Tx MXene samples, where no quantification was 
possible because of the lack of standards. Weight loss in % and gas evolution in 
µmol/g/s are obtained after quantification for H2O, CO, CO2, -OH, and F. (A) and (C) 
are adapted from Ref. (14).  
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Table S3. Mass spectroscopy measurements (TPD-MS) analysis of from HF etching 
(HF- Ti3C2Tx) and from CuCl2 molten salt route after APS treatment (MS-Ti3C2Tx). 
 H2O 
μmol/
g 
H2O 
wt.
% 
-OH 
μmol/
g 
-OH 
wt.
% 
CO 
μmol/
g 
CO 
wt.
% 
CO2 
μmol/
g 
CO2 
wt.
% 
O(total
) 
wt.% 
HF-
Ti3C2T
x 
3600 6.5 3995 6.8 723 2.0 - - 13.3 
MS-
Ti3C2Tx 
2950 5.3 - - 308 0.9 934 4.1 8.2 
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Guidelines for preparing various MXenes from Lewis acidic molten salts etching 
route  
The Gibbs free energy and redox potentials were calculated to guide the selection of 
suitable MAX phase precursors / Lewis salts to prepare MXene materials. Generally, 
the covalent M-X bonding in the MAX phase is very strong, while the M-A boning is 
much weaker (15). Hence, we assume that the Ti-C bonding in manuscript equation (1) 
remains unchanged during the etching reaction. The equation (1) in the manuscript is 
simplified as:  
Si + 2CuCl2 = SiCl4 (gas) + 2Cu                                       (4) 
Which can be generalized as (5) 
aA + bBCln = aAClm + m.a/nB + (b-m.a/n)BCln                               (5) 
The Gibbs free energies (Gr) between A elements from the MAX phases and Lewis 
salts (reaction 4) were calculated by HSC Chemistry software (HSC 6.0). Specifically, 
for the equation (5) at 750°C, the values of Hf  (f stands for formation) and Sf can 
be obtained from the HSC software, given as Hr (r stands for reaction) of -67.877 
kcal and Sr of 20.479 cal K-1. Then Gr is given by: 
Gr = Hr – TSr                                                           (6) 
Gr value of -371.74 kJ was calculated for equation (4), which indicates that the 
reaction is thermodynamically spontaneous. We then generalized the calculations of the 
Gibbs free energy by changing A-site element in the MAX phases (such as Al, Zn, In, 
Ga, Si, Sn, and Ge, et al.) and cations of the Lewis salts (such as Mn, Zn, Cd, Fe, Co, 
Cu, Ni, and Ag). The details are listed in Table S4. 
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Table S4. Gibbs Free Energy Gr of the reaction of different Lewis molten salts with 
A-site elements in MAX phases at 700°C. 
 Gibbs Free Energy (∆G) of different A-site elements (kJ mol-1) 
Salts Al Zn In Ga Si Sn Ge 
MnCl2 -0.88 77.64 221.38 164.53 178.21 366.16 335.18 
ZnCl2 -117.36 - 104.91 48.06 22.91 210.87 179.89 
CdCl2 -166.94 -33.05 55.33 -1.52 -43.18 144.76 113.78 
FeCl2 -246.62 -82.29 -24.48 -80.88 -147.35 41.23 9.31 
CoCl2 -263.13 -97.18 -40.85 -97.71 -171.44 16.50 -14.47 
CuCl2 -410.02 -195.11 -187.74 -244.60 -367.30 -179.35 -210.33 
NiCl2 -295.73 -118.91 -73.45 -130.31 -214.91 -26.96 -57.94 
AgCl -290.52 -115.44 -68.25 -125.10 -207.97 -20.02 -51.00 
 
The electrochemical redox potentials of redox couple in halide melts can serve as 
another tool to predict the feasibility the Lewis acidic molten salts etching reaction. 
Taking Ti3SiC2 in CuCl2 molten salt reaction as an example, the potential of the molten 
salt Cu2+/Cu (-0.43 V vs. Cl2/Cl
-) is higher than its counterpart Si4+/Si (-1.38 V vs. 
Cl2/Cl
-) at 700°C. The Si-Si bonding of the Ti3SiC2 phase can be easily broken by the 
strong oxidized Cu2+ while the strong covalent Ti-C bonding remains unchanged. The 
redox potentials of the molten salts (V vs. Cl2/Cl
-) were calculated from equation (7) 
and (8) in a temperature range of 400–900oC: 
BCln (l) = B(s) + n/2 Cl2 (g)                                                 (7) 
 
Where B represents elements such as Al, Fe, Zn, In, Ga, Ge, Si, Sn, Mn, Cu, Co, Ni, 
Cd, and Ag, n is the number of exchanged electrons. Gibbs free energy of reaction (7) 
was calculated by HSC Chemistry 6.0 (16), and the potential of the reaction (7) was 
obtained from (8): 
𝐸(𝑉) = −
𝛥𝐺𝑟
𝑛𝐹
                                                                    (8) 
where Gr is the Gibbs free energy per mole of reaction (7) in J mol-1 and F the Faraday 
constant, 96,485 C mol-1. The potential E(V) of the reaction (7) corresponds to the 
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potential difference between Bn+/B and Cl2/Cl
- redox couples. All the potential values 
are shown in Fig. S6 and Table S5. 
In this paper, six different MXenes are successfully prepared from eight different MAX 
phase precursors etching by various halide molten salts under the predictions of the 
Gibbs free energy and redox potentials (Table S6).  
 
Table S5. Redox potentials of the molten salts (V vs. Cl2/Cl-) at the temperature range 
of 400-900 oC. 
T 
(oC) 
  Al3+ 
/Al 
Zn2+ 
/Zn 
   In3+ 
/In 
 Ga3+ 
/Ga 
 Ge4+ 
/Ge 
 Si4+ 
/Si 
 Sn4+ 
/Sn 
  Mn2+ 
/Mn 
  Fe2+ 
/Fe 
 Cu2+ 
/Cu 
 Co2+ 
/Co 
 Ni2+ 
/Ni 
 Cd2+ 
/Cd 
Ag+ 
/Ag 
400 -1.90 -1.64 -1.14 -1.35 -1.07 -1.48 -1.00 -1.97 -0.90 -0.61 -1.13 -1.05 -1.45 -0.92 
500 -1.88 -1.57 -1.12 -1.32 -1.04 -1.45 -0.97 -1.93 -0.92 -0.54 -1.06 -0.97 -1.39 -0.89 
600 -1.86 -1.50 -1.10 -1.30 -1.00 -1.41 -0.93 -1.88 -0.95 -0.48 -1.00 -0.90 -1.32 -0.87 
700 -1.84 -1.44 -1.08 -1.27 -0.97 -1.38 -0.89 -1.84 -0.975 -0.43 -0.94 -0.82 -1.27 -0.84 
800 -1.82 -1.38 -1.05 -1.25 -0.94 -1.35 -0.86 -1.80 -0.99 -0.37 -0.89 -0.75 -1.21 -0.82 
900 -1.80 -1.32 -1.03 -1.22 -0.91 -1.31 -0.82 -1.76 -1.01 -0.32 -0.85 -0.68 -1.16 -0.79 
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Fig. S6. Redox potentials of the molten salts (V vs. Cl2/Cl-) as a function of temperature.  
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Characterizations of various MXenes prepared from Lewis acid molten salts 
method 
Fig. S7-14 presents the XRD patterns of various MAX phases and the products obtained 
after reaction with various Lewis acid salts (Table. S6). It also gives the SEM images 
and the corresponding EDS analysis of the series of products. As shown in the XRD 
patterns, most of Bragg peaks of the pristine MAX phases disappear after the molten 
salt etching process, leaving (00l) peaks and several broad and low intensity peaks, 
indicating the successful obtention of layered MXene materials from MAX phases by 
Lewis acid molten salts etching route. SEM images show that the pristine particle-like 
MAX phases turn into an accordion-like open structure, suggesting the successful 
synthesis of MXene such as previous reported for MXenes prepared by HF etching 
method (3). EDS analysis indicates the successful removal of A element from the MAX 
phases, as well as the presence of Cl and O surface groups on layered MXenes. These 
results demonstrate that the Lewis acidic molten salts etching method not only can be 
employed as a universal way to prepare these layered materials, but also offers 
opportunities for tuning the surface chemistry of MXene. 
  
34 
 
Table S6. The reaction conditions of MAX phases with Lewis acid salts. 
MAX Phases Salts Composite of starting materials (mol) T (°C) 
Ti2AlC CdCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 650 
Ti3AlC2 FeCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3AlC2 CoCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3AlCN CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti2AlC CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 650 
Ti3AlC2 NiCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3AlC2 CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Nb2AlC AgCl MAX:Salt:NaCl:KCl = 1:5:2:2 700 
Ta2AlC AgCl MAX:Salt:NaCl:KCl = 1:5:2:2 700 
Ti3ZnC2 CdCl2 MAX:Salt:NaCl:KCl = 1:2:2:2 650 
Ti3ZnC2 FeCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 CoCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 NiCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 AgCl MAX:Salt:NaCl:KCl = 1:4:2:2 700 
Ti3SiC2 CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 750 
Ti2GaC CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 600 
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Fig. S7. Ti2AlC-CuCl2: (A) XRD patterns of Ti2AlC MAX phase before (black) and 
after (red) reaction with CuCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ti3ZnC2-CuCl2: (D) XRD patterns of Ti3ZnC2 MAX 
phase before (black) and after (red) reaction with CuCl2, (E) SEM image and (F) EDS 
point analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Fig. S8. Ti3AlCN-CuCl2: (A) XRD patterns of Ti3AlCN MAX phase before (black) and 
after (red) reaction with CuCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ti3AlC2-NiCl2: (D) XRD patterns of Ti3AlC2 MAX phase 
before (black) and after (red) reaction with NiCl2, (E) SEM image and (F) EDS point 
analysis of the product after etching process. Scalebars correspond to 2 μm. 
  
37 
 
 
Fig. S9. Ti3ZnC2-FeCl2: (A) XRD patterns of Ti3ZnC2 MAX phase before (black) and 
after (red) reaction with FeCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ta2AlC-AgCl: (D) XRD patterns of Ta2AlC MAX phase 
before (black) and after (red) reaction with AgCl, (E) SEM image and (F) EDS point 
analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Fig. S10. Ti2AlC-CdCl2: (A) XRD patterns of Ti2AlC MAX phase before (black) and 
after (red) reaction with CdCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ti3AlC2-FeCl2: (D) XRD patterns of Ti3AlC2 MAX phase 
before (black) and after (red) reaction with FeCl2, (E) SEM image and (F) EDS point 
analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Fig. S11. Ti3AlC2-CoCl2: (A) XRD patterns of Ti3AlC2 MAX phase before (black) and 
after (red) reaction with CoCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process.Nb2AlC-AgCl: (D) XRD patterns of Nb2AlC MAX phase 
before (black) and after (red) reaction with AgCl, (E) SEM image and (F) EDS point 
analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Fig. S12. Ti3AlC2-CuCl2: (A) XRD patterns of Ti3AlC2 MAX phase before (black) and 
after (red) reaction with CuCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ti3ZnC2-CdCl2: (D) XRD patterns of Ti3ZnC2 MAX 
phase before (black) and after (red) reaction with CdCl2, (E) SEM image and (F) EDS 
point analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Fig. S13. Ti3ZnC2-CoCl2: (A) XRD patterns of Ti3ZnC2 MAX phase before (black) and 
after (red) reaction with CoCl2, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ti3ZnC2-NiCl2: (D) XRD patterns of Ti3ZnC2 MAX 
phase before (black) and after (red) reaction with NiCl2, (E) SEM image and (F) EDS 
point analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Fig. S14. Ti3ZnC2-AgCl: (A) XRD patterns of Ti3ZnC2 MAX phase before (black) and 
after (red) reaction with AgCl, (B) SEM image and (C) EDS point analysis of the 
product after etching process. Ti2GaC-CuCl2: (D) XRD patterns of Ti2GaC MAX phase 
before (black) and after (red) reaction with CuCl2, (E) SEM image and (F) EDS point 
analysis of the product after etching process. Scalebars correspond to 2 μm. 
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Electrochemical performance 
As shown in Fig. S15A, the main capacity contribution comes from the low potential 
range region, which highlights the interest of such material to be used as a negative 
electrode in Li-ion containing electrolyte. A maximum capacity of 738 C g-1 (205 mAh 
g-1) is achieved within a full potential range of 2.8 V (from 0.2 to 3 V vs. Li+) with a 
capacitance to 264 F g-1. 646 C g-1 (180 mAh g-1) can be still delivered within potential 
window of 2 V (from 0.2 to 2.2 V vs. Li+/Li) together with a record capacitance of 323 
F g-1 for MXene in non-aqueous electrolytes.  
 
Fig. S15. (A) CVs at 0.5 mV s-1 of MS-Ti3C2Tx MXene in 1M Li-PF6 in EC/DMC (1:1) 
electrolyte with various positive cut-off potentials; (B) Capacitance and capacity values 
in the different potential ranges from the anodic scan.  
 
The coulombic efficiency is 50% in the first cycle (Fig. S16A); the irreversible capacity 
at the first cycle corresponds to the SEI layer formation. After several cycles, the 
coulombic efficiency stabilizes at 98% for a scan rate of 1 mV s-1 (Fig. S16B). Details 
of the discharge capacity and capacitance values of MS-Ti3C2Tx MXene electrode 
(active material weight loading of 1.4 mg cm-2) are listed in Table S7. The capacitance 
of the MXene electrode at a scan rate of 0.5 mV s-1 is 264 F g-1 (205 mAh g-1) with the 
full potential window of 2.8 V. The capacitance remains at 97 F g-1 (75 mAh g-1) when 
the scan rate increases to 100 mV s-1 (discharge time of 28 s), which corresponds to a 
capacitance retention of 37% as compared to the value of 0.5 mV s-1. Moreover, 
increasing the active material weight loading up to 4 mg cm-2 does not hinder the power 
capability of the Ti3C2Tx material as can be seen from Fig. S16C and D. Fig. S16D 
shows the discharge capacity values calculated from the CVs. The thicker electrode 
delivers 680 C g-1 (areal capacity of 2.72 C cm-2) at a scan rate of 0.5 mV s-1 with a 
capacity retention of 35% at 100 mV s-1. The high rate performance of the MS-Ti3C2Tx 
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MXene electrode is further confirmed by the galvanostatic test at the full potential range 
(Fig. S17A). Specifically, it can deliver 210 mAh g-1 within 1 h and 80 mAh g-1 within 
20 s (capacity retention of 38%). Those results suggest that MS-Ti3C2Tx MXene 
materials can serve as a high rate anode electrode for the Li-ion storage. 90% capacity 
retention was achieved after 2,400 galvanostatic cycles (Fig. S17B). 
 
 
Fig. S16. (A) First three cycles of CV at 0.5 mVs-1 of a MS-Ti3C2Tx MXene electrode 
in LP30 electrolyte. (B) CVs at various potential scan rates of a MS-Ti3C2Tx MXene 
electrode in LP30 electrolyte. The active material weight loading is 1.4 mg cm-2. (C) 
CVs at various potential scan rates of a MS-Ti3C2Tx MXene electrode with active 
material weight loading of 4 mg cm-2 in LP30 electrolyte. (D) Change of the MXene 
electrode capacity versus the discharge time calculated from (B) and (C). 
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Table S7. Discharge capacity and capacitance values of a MS-Ti3C2Tx MXene 
electrode calculated from the anodic scan of the CVs (Fig. S16B). The active material 
weight loading is 1.4 mg cm-2. 
Scan rate / 
mV s-1 
Capacitance / 
F g-1 
Capacity / C g-1 
(and mAh g-1) 
C-rate Coulomb 
efficiency / % 
0.5 264 738 (205) 0.6 98 
1 240 672 (187) 1.3 98 
2 230 645 (179) 2.6 97 
5 205 576 (160) 6.4 98 
10 183 511 (142) 13 99 
20 159 445 (124) 26 100 
50 122 340 (94) 64 100 
100 97 271 (75) 128 100 
 
 
Fig. S17. (A) Charge/discharge capacities calculated from galvanostatic test at different 
C-rate, with the potential range from 0.2 to 3 V vs. Li+/Li. The active material weight 
loading is 1.1 mg cm-2 (B) Long cycling at 30 C-rate, 90% of capacity retained after 
2400 cycles. 
 
Electrochemical impedance spectroscopy measurements were made at various bias 
potentials vs. Li+/Li to understand the electrochemical performance of the MS-Ti3C2Tx 
MXene material (Fig. S18A). All the Nyquist plots show similar features with a high 
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frequency semi-circle followed by a fast increase of the imaginary part of the 
impedance at low frequencies. The high frequency semi-circle loop is assigned to the 
charge-transfer resistance of about 25 Ω cm², which is almost three times larger than 
the one observed of a porous MXene electrode in propylene carbonate-based electrolyte 
(17). The near-vertical imaginary parts at low frequency range indicate a capacitive-
like charge storage kinetics instead of a diffusion dominated process, as can be seen 
from the absence of a Warburg region in the mid frequency range (45° line). Moreover, 
the charge storage kinetics are further investigated by determining b-value (see Fig. 
S18B) following equation:  
 
i=a vb                                                                      (9) 
 
It has been suggested that a b-value of 1 relates to the capacitive (surface-like) process, 
while a b-value of 0.5 identifies the diffusion-controlled (bulk) process (18, 19). Fig. 
S18B shows the (i) versus scan rate plot in log scale from 0.5 to 100 mV s-1. A linear 
relationship with a slope of 1 is observed in a scanning potential rate range from 0.5 to 
20 mV s-1, indicating a capacitive-like charge storage kinetics. The deviation from this 
linear at higher scan rates (>20 mV s-1) may be assigned to kinetics (restricted-
diffusion) or/and ohmic limitations at high current density.  
 
 
Fig. S18. (A) The electrochemical impedance spectroscopy plots recorded at various 
bias potentials. The Nyquist plots show a high frequency loop of about 25 Ω cm² 
associated with the charge transfer resistance, and a diffusion-restricted behavior at low 
frequency. (B) Change of the peak current with the potential scan rate in log scale. A 
slope of 1 stands for a surface-controlled process, while a slope of 0.5 indicates a 
diffusion-controlled reaction.  
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Moreover, Ti3C2Tx MXene prepared from Ti3AlC2 MAX precursor exhibits similar 
electrochemical behavior of MS-Ti3C2Tx in LP30. Almost identical CV signatures were 
observed and presented in Fig. S19A. This Al-MAX derived MXene electrode delivers 
730 C g-1 at a scan rate of 0.5 mV s-1 and possesses a capacity retention of 36% at a 
scan rate of 100 mV s-1 (Fig. S19B). These results indicate that the Lewis acidic molten 
salts etching route is a promising method to prepare high rate electrode MXene 
materials. 
 
 
Fig. S19. (A) CVs at various potential scan rates of a Ti3C2Tx MXene electrode 
prepared from Ti3AlC2 MAX phase in LP30 electrolyte. (B) Change of the Ti3C2Tx 
MXene electrode capacity versus the discharge time during CVs recorded at various 
potential scan rates. The active material weight loading is 1.1 mg cm-2. 
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